Objective Vital sign trends are used in clinical practice to assess treatment response and aid in disposition, yet quantitative data to support this practice are lacking. This study aimed to determine the prognostic value of vital sign normalization.
INTRODUCTION
There are approximately 136 million emergency department (ED) visits annually of which 17.2 million result in hospital admission. 1 Such volume creates a need for easy and rapid assessment and triage due to limited resources. Adverse patient outcomes, reduced quality, and impaired access can all be attributed to ED crowding. 2 Effects downstream of admission, such as intensive care unit crowding, is also a function of capacity challenges that affect patient care and outcomes. 3 Accurate risk stratification allows for appropriate resource allocation of admitted patients to the necessary level of care for their in-hospital stay. Vital signs are a simple tool that are easily measured at the bedside and provide clinicians with a means for risk stratification during every ED encounter. However, quantitative analysis of these commonly measured clinical variables remain surprisingly understudied. Previous work done by our group has demonstrated that even a single, isolated episode of hypotension is association with increased patient mortality, 4 even in the pre-hospital setting, 5 and the more abnormal the blood pressure in depth and duration, the higher the risk of mortality. 6 The prognostic and diagnostic value of other vital signs, most notably heart rate and respiratory rate, have been studied most extensively in relationship to the systemic inflammatory response syndrome. Their use for diagnosis and prognosis in this regard are fairly limited in terms of clinical decision making, as they suffer from relatively poor test characteristics. [7] [8] [9] In clinical practice, single measurements of vital signs are rarely used in isolation, particularly among patients with a higher acuity of illness. It is more common in high acuity scenarios for clinicians to evaluate temporal trends of vital signs to aid in determining the response to treatment to help guide disposition decisions, or to assist in determination of the appropriate level of inpatient care. Yet there are little or no objective data to support this practice. Thus a better understanding of the utility of vital sign normalization versus persistence of abnormal values could provide additional, freely available, and clinically useful information to clinicians and researchers. The primary hypothesis of this study was that persistently abnormal heart and respiratory rate among a cohort of heterogeneous ED patients admitted to the hospital would be associated with an increased risk of mortality.
METHODS
This study was a secondary analysis of a previously published prospective cohort of ED patients presenting to a single, urban, tertiary care ED from July 2004 to June 2005 with > 100,000 yearly visits. The purpose of this parent study was to determine the prognostic value of increasingly frequent episodes of hypotension, and its results have been published previously. 6 Inclusion criteria of the parent trial were broad and included all patients age ≥ 18 undergoing hospital admission. Exclusion criteria were trauma to the torso within 24 hours and direct admission bypassing the ED. A random sample of 182 days was chosen, and a manual review of all admissions to the hospital on those days was undertaken to ensure completeness. Patient demographics, comorbidities, and volume of intravenous fluid administration in the ED were recorded. Vital signs were measured and recorded per ED protocol, and all vital signs (up to 15 measurements) were recorded with demographic data into a de-identified database. Upon hospital discharge, in-hospital mortality was recorded.
To be included in the present analysis, subjects were those that had measured tachycardia or tachypnea at ED presentation as well as measurement of at least 2 sets of vital signs. Tachycardia was defined as ≥ 100 beats/min, tachypnea as > 20 breaths/min at presentation, and persistent as failure to decrease to a normal ( < 100 bpm or ≤ 20 breaths/min) level. The primary outcome was in-hospital mortality.
Two separate analyses were performed for each of the two vital signs. In the first analysis, patients were categorized based on the last value of either heart or respiratory rate prior to hospital admission. If those values were normal, the patient was categorized as normal upon admission. If that value was elevated, the patient was categorized as elevated upon admission. To increase the robustness of the analysis, a second analysis was also conducted. In this analysis, patients were categorized into persistently abnormal (every heart rate or respiratory rate measured in the ED was abnormal) versus those that normalized the vital sign (at least one normal heart rate or respiratory rate). In addition, we conducted a post-hoc sensitivity analysis using different cutoffs for the definition of tachycardia and tachypnea using the values of 90 and 110 beats/min, and 18 and 22 breaths/min, respectively. All data analyses were conducted in the entire cohort as well a predefined analysis of only those patients without any episode of hypotension (defined as any measurement of systolic blood pressure < 100 mmHg) in the ED. A post-hoc analysis was then conducted to examine the potential independent prognostic value of persistent tachycardia and tachypnea in relationship to each other in a subgroup of patients who presented with both tachycardia and tachypnea.
Simple descriptive statistics were utilized to describe the groups, including chi-square, Student's t-test, and Wilcoxson rank sum, as appropriate. Chi-square tests were used to compare mortality rates between groups. In order to assess whether or not Vital sign normalization predicts survival vital sign normalization was an independent risk factor, a logistic regression model was constructed using in-hospital mortality as the dependent variable. Candidate variables were considered for the model if they differed between survivors and non-survivors (P < 0.10), and the model was refined using reverse stepwise elimination. Any episode of hypotension was forced into the final model regardless of statistical significance in order to assess whether vital sign normalization was simply another marker of hemodynamic instability that could be measured more simply through the use of blood pressure. Finally, we developed a posthoc model incorporating Glasgow Coma Score (GCS), which is also readily available clinically. In the post-hoc analysis, a Mantel-Haenszel chi-square was utilized to account for stratification. Commercially available statistical software (StatsDirect ver. 2.7.7, StatsDirect, Cheshire, England; STATA ver. 10.0, StataCorp., College Station, TX, USA) were utilized for data analysis. All tests were two-sided with P-values of < 0.05 considered significant.
RESULTS
A total of 4,878 patients were enrolled; 4,164 of whom had at least 2 heart rate measurements, while 3,927 had at least 2 respiratory rates recorded. An average of 4.5 ( ± 3.8) sets of vital signs were checked per patient.1,770 and 1,499 of these patients were tachycardic and tachypneic at presentation respectively, and formed the cohort of patients eligible for our study. Among these, 1,387 (78%) and 1,181 (79%) never had a systolic blood pressure < 100 and formed our sensitivity analysis cohort of patients without hypotension. The percentage of patients who had persistently abnormal versus normalized vital signs, and the percentage of patients with vital signs that were abnormal versus normal upon admission are summarized Table 1 . Patient demographics and clinical characteristics of those patients who had persistently abnormal heart and respiratory rates through their ED stay compared to normalized vitals are summarized in Table 2 . Non-Hispanic ethnicity and a history of asthma or chronic obstructive pulmonary disease were associated with persistence of both tachycardia and tachypnea. End stage renal disease and lower white blood cell counts were associated with higher rates of heart rate normalization, while older age and higher intravenous fluid volume in the ED were associated with higher rates of respiratory rate normalization.
In the unadjusted univariate analysis, mortality was significantly higher in patients persistently tachycardic throughout their ED stay (5 5 .9%], P = 0.006). Of note, the absolute mortality rates were higher among patients with persistent tachypnea as opposed to tachycardia, and these data are illustrated in Fig. 1 . All of these results remained significant after excluding patients with any episode of hypotension (P = 0.001-0.037), though the absolute mortality rates in this group of patients dropped to 1.3% and 5.5%. Our sensitivity analysis demonstrated similar results for predicting inhospital mortality whether tachycardia was defined as 90 or 110 beats per minute. Similar results were also found when tachypnea was defined as 22, but not 18, breaths per minute (data not shown).
Differences between survivors and non-survivors can be found in Table 3 , and those variables that differed (as estimated by P < 0.10) were added as candidate variables to each of the logistic regression models (one for tachycardic and one for tachypneic patients), using in-hospital mortality as the dependent variable. Following model refinement, the final model for tachycardic patients included age, hypertension, end-stage renal disease, white blood count, hemoglobin, bicarbonate, hypotension, and either temporary normalization or normal heart rate upon admission. The final model for tachypneic patients included age, hypertension, white blood count, hemoglobin, bicarbonate, hypotension, and either temporary normalization or normal respiratory rate upon admission. Hypotension remained a significant independent predictor and did not need to be forced into the final model. Other commonly available vital signs, such as temperature and pulse oximetry, were not significant predictors of outcome in the multivariate model, even when categorizing temperature as a binary Values are presented as number (%).
Michael A Puskarich, et al. Relative mortality associated with the persistence of (A) tachycardia and (B) tachypnea. Patients were categorized as to whether they temporarily normalized or were persistently elevated in the emergency department and whether they were persistently abnormal or normalized upon hospital admission. Data are shown with 95% confidence intervals. *P<0.05.
Vital sign normalization predicts survival (normal versus abnormal) rather than a continuous variable to account for the impact of hypothermia on data analysis. The unadjusted and adjusted odds ratios (with 95% CIs) for the various measures of vital sign normalization are provided in Table 4 , with estimates for the odds ratios associated with at least one occurrence of hypotension provided for comparison. In a post-hoc analysis, we added GCS to our final models to determine the impact of this readily available, bedside measure to influence the prediction of mortality. In our multivariate tachycardia model, GCS was indeed an independent predictor of mortality, though all other variables remained significant predictors. When added to the tachypnea model, GCS significantly predicted mortality, but normalization of tachypnea no longer reached statistical significance as an independent predictor of mortality. Values are presented as number (%) unless otherwise indicated. SD, standard deviation; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; HIV/AIDS, human immunodeficiency virus/acquired immunodeficiency syndrome; IQR, interquartile range.
Michael A Puskarich, et al.
Finally, we attempted to determine whether persistent tachypnea and tachycardia were independently associated with increased risk of mortality, or whether they were different metrics that identified the same group of patients. Eight hundred and fourteen patients demonstrated both initial tachycardia and tachypnea. Normalization of these two parameters in the ED were independent of each other by chi-square testing (P < 0.001). Mortality was highest in patients who had persistence of both tachycardia and tachypnea throughout their ED stay at 8.1%, and was lowest among patients who normalized both (3.9%) as illustrated in Fig. 2 . However, these results did not reach statistical significance in the stratified analysis (P = 0.08).
DISCUSSION
In this cross-sectional single center study of ED patients, we document the increased mortality associated with persistence of tachycardia and tachypnea. Vital sign measurements are the cornerstone of clinical practice, and provide a simple fundamental method to assist in the evaluation of patients. In our study, we found mortality rates for patients with persistent tachycardia and tachypnea at the time of admission were nearly doubled, for an absolute increased risk of mortality of 3% to 4%, compared to if these vital signs returned to a normal range. Similarly, even transient normalization of these vital signs are associated with an improved prognosis compared to patients who never have a normal heart or respiratory rate measured in the ED. The prognostic value persisted even when several different cutoffs for the definitions of tachycardia and tachypnea were investigated. These findings support the anecdotal practice of using normalization of vital signs for risk assessment of ED patients.
Several findings of our study warrant further consideration. It would be reasonable to assume that patients failing to normalize these vital signs would be likely to have other indications of illness, such as hypotension, and that the relative utility of vital sign normalization might be negligible. Our results were significant exclusive of measurements of hypotension, though the absolute risk of death was lower following exclusion of hypotensive patients. As illustrated by Table 4 , any episode of hypotension remains a stronger indicator of mortality (odds ratios of 2.74 and 3.44). However, the risk associated with normalization of heart rate and respiratory rate remains significant even after controlling for the presence of hypotension and other clinical predictors of mortality. Combined, these data suggest that heart rate and respiratory rate normalization may be a particularly useful indicators in the cohort who require hospital admission but who do not exhibit hemodynamic instability through the manifestation of hypotenstion in the ED. Similarly, altered mental status is a readily clinically available indicator with established utility to predict patient outcome in ED patients. 10, 11 When included in our multivariate model, persistent tachycardia remained a significant independent predictor of mortality, supporting its clinical utility. Persistent tachypnea was no longer statistically significant after addition of GCS our model, however. It could be that patients with significantly altered mental status were more likely to be intubated with resultant artificial respiratory rates. This confounder may have affected our study results, though that data was not recorded, making interpretation of persistent tachypnea less clear than tachycardia.
It is important to note that the absolute mortality rates in the study are low, but are consistent with the mortality rate of an unselected cohort of patients admitted to a tertiary care facilities. We found the absolute mortality rate of either persistent tachycardia or tachypnea to be similar to that of a single measured episode of hypotension, approximately 5% in this cohort. However, this mortality risk is lower than those patients that exhibit episodic or persistent hypotension (8% and 14%, respectively). 6 The present findings are not surprising given the fact that changes in heart and respiratory rate often precede hypotension, though perhaps these changes might serve as an early warning sign of clinical decompensation for clinicians. A critical finding of the study worth noting for clinicians is the observation that, as a univariate predictor, the absolute risk of mortality associated with persistent tachypnea is significantly higher than that associated with persistent tachycardia. Given the role of the respiratory system for the buffering of acidosis, this finding is biologically plausible. Previous studies have suggested that respiratory rates recorded in the medical record are frequently inaccurate, 12 and our data support the importance of Fig. 2 . Relative mortality associated with the persistence of tachycardia and/or tachypnea in patients with both measures abnormal at emergency department triage (P=0.08). Note that persistent tachypnea tends to carry a worse prognosis than persistent tachycardia. Vital sign normalization predicts survival accurately assessing and noting respiratory rate for both nursing staff and physicians. As illustrated in Fig. 2 , it remains unclear based on this data whether persistent tachycardia and tachypnea are in fact independent risk factors for mortality or different manifestations of the same underlying physiologic processes. This may be due to the relatively smaller sample size of patients presenting with both tachycardia and tachypnea. The question of whether persistent tachycardia and persistent tachypnea are independent prognostic predictors remains an area for future investigation that is not conclusively resolved in either direction by this study.
There are several limitations that deserve consideration. First, patients had an average of > 4 sets of vital signs measured, and the utility of vital sign normalization among patients with fewer measurements (due to very rapid ED throughput or areas with limited monitoring capacity) or more intensive/continuous monitoring is unknown, which is why we chose to conduct several different sensitivity analyses to assess the robustness of our findings. Similarly, tachypnea was recorded by bedside nurses using conventional monitors, and it is possible this method introduced increased variability compared to more standardized measurements taken by counting breaths or influenced by an anecdotal tendency to record "normal" values. However, either of these scenarios would bias our results towards the null, and therefore are unlikely to invalidate the results of our study. Second, this is a single center study and the data were gathered approximately 10 years ago, and results may not be generalizable to other settings. Third, it is possible that this same information could be gathered through the use of other prognostic clinical tests, such as lactate 13 or base excess. 14 However, we did not systematically evaluate these measurements in our study. Similarly, while we hypothesize that persistently abnormal vital signs may be early markers of impending hemodynamic instability, these data were not tracked and that hypothesis not specifically tested in this study. We did not record data regarding ED disposition, elevation in level of care, or short-term deterioration outcomes such as cardiac arrest or endotracheal intubation, and follow-up studies to determine the ability of vital sign normalization to predict these outcomes may be warranted. Critically, the design of our study only allows us to reach conclusions regarding prognosis. While it would be tempting to extrapolate these findings to suggest that the use of vital sign trends might be used to help determine the level of inpatient monitoring and care, such a conclusion would be premature and requires future investigation. Finally, all patients in this study were admitted to the hospital, and whether normalization of vital signs carry similar prognostic potential in patients discharged from the ED remains unclear.
Persistent tachycardia or tachypnea are associated with an increased risk of mortality in ED patients admitted to the hospital, particularly in those without hypotension. Further study is necessary to determine if interventions aimed at improved recognition or earlier intervention in this group of patients can decrease mortality.
